2
useful information of dust particle size, which could be used together with SW observation to 52 achieve more holistic understanding of the dust radiative effect. 53
55
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Introduction

56
Mineral dust is the most abundant atmospheric aerosol component in terms of dry mass 57 [Choobari et al., 2014 , Textor et al., 2006 . The Sahara is the largest source of atmospheric dust 58 aerosols, with an estimated emission of 670 Mt yr -1 [Rajot et al., 2008 , Washington et al., 2003 . 59
African dust from Sahara is regularly lifted by strong near-surface winds and transported 60 westwards within the Saharan Air Layer (SAL) over to the tropical North Atlantic (see Figure 1 ) 61 during northern summer [Cuesta et al., 2009 , Karyampudi et al., 1999 . During the transport, dust 62 aerosols can scatter and absorb both shortwave solar (referred to as "SW") and longwave thermal 63 infrared (referred to as "LW") radiation, and thereby influence Earth's energy budget [McCormick 64 et al., 1967 , Tegen et al., 1996 , Yu et al., 2006 . This is known as the direct radiative effect (DRE) . 65
In addition, mineral dusts can also influence the life cycle and properties of clouds, by altering 66 thermal structure of the atmosphere (known as semi-direct effects) [Ackerman et al., 2000, Hansen 67 et al., 1997, Koren et al., 2004] , and by acting as cloud condensation nuclei and ice nuclei (known 68 as indirect effects) [Albrecht, 1989 , Rosenfeld et al., 1998 , Twomey, 1977 . In addition, when 69
African dust aerosols are deposited into Atlantic Ocean and Amazon Basin, they supply essential 70 nutrients for the marine and rainforest ecosystems [Yu et al., 2015] , which has important 71 implications for the biogeochemical cycles [Jickells et al., 2005] . In this study, we focus on the 72 quantification of dust direct radiative effect on both SW and LW radiation. 73 Substantial effort has been made to understand and quantify the DRE of mineral dust since 74 the 1980s [Carlson et al., 1980 , Cess, 1985 , Liao et al., 1998 , Ramaswamy et al., 1985 . Most 75 studies have focused on the SW DRE (DRESW) of mineral dust under clear-sky (cloud free) 76 conditions [Myhre et al., 2003 , Tegen et al., 1996 , Yu et al., 2006 . Through scattering and 77 absorption, dust aerosols reduce the amount of solar radiation reaching the surface, inducing a 78
Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2018-267 Manuscript under review for journal Atmos. Chem. Phys. negative (cooling) effect at the surface. The DRESW of dust at the top of the atmosphere (TOA) 79 depends also strongly on the albedo of the underlying surface [Keil et al., 2003 , Yu et al., 2006 . 80
Over a dark surface, the scattering effect of dust dominates, which yields a cooling effect at TOA 81 [Myhre et al., 2003 , Tegen et al., 1996 . In contrast, high reflectance of a bright surface enhances 82 the absorption by dust aerosols and could yield a positive (warming) dust DRESW at TOA when 83 the surface albedo exceeds a critical value [Zhang et al. 2006] . Different from other aerosol types 84 (e.g., smoke and sulfate aerosols), dust aerosols are large enough to have significant LW direct 85 radiative effect (DRELW) [Sokolik et al., 1999 , Sokolik et al., 1998 ]. Lofted dust aerosols absorb 86 the LW radiation from the warm surface and re-emit the LW radiation usually at lower temperature, 87 thereby reducing the outgoing LW radiation and leading to a warming effect at TOA. At the same 88 time, they emit the LW radiation downward that generates a warming effect at the surface. The 89 dust LW effect depends strongly on surface emissivity and the vertical profile of atmosphere 90 temperature. The net radiative effect (DREnet) of dust is the summation of its DRESW and DRELW. 91
Note that DRESW only acts during daytime, whereas DRELW operates during both day and night. 92
Quantification of the DRESW and DRELW of dust remains challenging and there is a large 93 range of estimates in the literature. Take the Tropical Atlantic for example. Yu et al. [2006] found 94 that the seasonal (JJA) average clear-sky aerosol DRESW at TOA in this region varies from -5.7 95 W/m 2 to -12.8 W/m 2 based on observations and from -3.7 W/m 2 to -10.4 W/m 2 based on model 96
simulations. An important reason is that dust DRE depends on many factors, including both the 97 microphysical (e.g., dust particle size and shape) and optical (e.g., refractive index) properties, as 98 well as the surface and atmospheric properties (e.g., surface reflectance and temperature, 99 atmospheric absorption). Sokolik et al. [1998] showed that for the sub-micron dust particles, the 100 DRESW is dominant and DRELW is negligible, whereas for super-micron dust particles, DRELW is 101 diurnally averaged net DRE of dust aerosols and uncertainty analysis. Section 5 concludes the 171 article. 172 173
Data and Models 174
The CERES-CALIPSO-CloudSat -MODIS (CCCM) product 175
To estimate instantaneous dust DRE, we use aerosol and radiation remote sensing products 176 from the A-Train satellite sensors, namely, the integrated CERES, CALIPSO, CloudSat, MODIS 177 merged product (CCCM) developed by [Kato et al., 2011] . In the CCCM product, high-resolution 178 CALIOP, CloudSat and MODIS retrievals are collocated with 20-km CERES footprints. For each 179 CERES footprint, the CCCM product provides the TOA flux observations (both SW and LW) 180 from CERES, aerosol (MOD04 "Dark Target" product [Remer et al., 2005] and cloud (MOD06 181 [Platnick et al., 2003 ]) properties retrieved from MODIS, aerosol optical thickness for each aerosol 182 layer from CALIOP [Winker et al., 2010] and cloud vertical profile from the combination of 183 CALIOP and CloudSat [Kato et al., 2010] . Up to 16 aerosol layers identified by CALIOP are kept 184 within a CERES footprint. Figure 1 shows the JJA mean aerosol optical depth (AOD) from the 185 CALIOP observations reported in the CCCM product. Clearly, the transported dust aerosols lead 186 to enhanced AOD in the tropical North Atlantic region. 187
In addition to the "raw" retrievals, the CCCM product also provides post-processed flux 188 computations for each CERES pixel based on derived aerosol and/or cloud extinction profiles, 189 which is done in the following steps. First, the CALIOP aerosol retrievals within each CERES 190 pixel are averaged to obtain the aerosol extinction profile at the 0.5 µm reference wavelength. 191
Then, the aerosol type and associated spectral optical properties, e.g., extinction coefficient ( ), 192 single-scattering albedo ( ), asymmetry factor ( ), are specified mostly based on the aerosol type 193 simulations from the Model of Atmospheric Transport and Chemistry (MATCH [Collins et al., 194 2001], with the exception of dust aerosols. If CALIOP observes dust aerosols (dust and polluted 195 dust), the aerosol type is set to dust. This is based on the consideration that the depolarization 196 observation capability of CALIOP is ideal for dust detection because the nonsphericity of dust can 197 cause significant depolarization in contrast to most other types of aerosols. Finally, the aerosol 198 extinction profiles and the aerosol spectral optical properties are used to compute the broadband 199 fluxes at both TOA and surface and for both SW and LW under 2 conditions: 1) with aerosol, 2) 200 without aerosol, so that the aerosol DRE can be derived from the difference of the two conditions. 201
Temperature and humidity profiles used in flux computations are from the Goddard Earth 202
Observing System (GEOS-5) Data Assimilation System reanalysis [Rienecker et al., 2008] . 203 204
Dust Physical and Optical models 205
To investigate the sensitivity of dust DRE to microphysical and optical properties of 206 particles, we use several sets of widely used or newly obtained dust size distribution, dust shape 207 distribution and dust refractive index. African coast and Fuerteventura. Ryder et al. [2013a] separate the PSD measurements from this 214 campaign into three broad categories: fresh, aged, SAL (acronym for "Saharan Air Layer"). The 215 fresh category over the Sahara represents dust uplifted no more than 12 hours prior to measurement; 216 the aged category over the Sahara represents dust aerosols mobilized 12 to 70 hours prior to 217 Tropical Atlantic Ocean region, we use dust size distribution in the SAL category (referred to as 225 the "Fennec-SAL PSD"). Evidently from Figure 2 , the Fennec-SAL PSD, which peaks around 5~6 226 µm and has a significant fraction of particles with r > 10µm, is much coarser than the AERONET 227 PSD, which peaks around 1~2 µm and has almost no particles r > 10µm. 228
The dust refractive indices are taken from three sources: 229
(1) The Optical Properties for Aerosols and Clouds database (OPAC) ], 230 which has been widely used in climate models and satellite remote sensing algorithms. 231
(2) A merger of remote sensing based estimates of dust refractive indices in the shortwave 232 from 0.5 µm to 2.5 µm , drawn from Kim et al. [2011] in the visible, and 233
Colarco et al. [2002] in the UV and (referred to as "Colarco-SW"). Kim [2011] We first select cloud-free and dust-dominant CERES pixels in the region from five summer 286 seasons (2007~2011) of the CCCM product. The MODIS and CALIOP cloud mask data are used 287 first to select cloud-free CERES pixels. Then, within the cloud-free CERES pixels, we use the 288 aerosol type information in the CCCM product to further select dust-dominant cases (i.e., more 289 than 90% of the aerosols within a given CERES pixel are attributed to dust, in terms of area 290 coverage). As aforementioned, the CCCM product relies on CALIOP observations, instead of 291 ancillary data from MATCH, for detecting dust aerosols. Because of the relative large footprint 292 size (~20 km), the cloud-free condition actually poses a strong constraint on the CERES product. 293
Out of the 36165 of CERES pixels in this region from 5 seasons of data, we found 1663 (only 5%) 294 of cloud-free pixels according to sub-pixel MODIS and CALIOP observations. After imposing the 295 dust-dominant condition, we are left with a total of 607 cloud-free and dust-dominant CERES 296 pixels. Furthermore, we found that within these selected pixels 153 cases have both CALIOP and 297 Table 1 ). 327
In addition to the SW flux measurement, the CCCM product also provides the CERES 328 measurement of LW flux at TOA. Figure 6 shows the histograms of the broadband outgoing 329 longwave radiation (OLR) measured by CERES for the selected cases. Note that besides dust AOD, 330
OLR also strongly depends on other factors such as surface temperature, atmospheric profiles and 331 dust altitude. As a result, there is a high variability in those abovementioned factors among the 332 selected 607 cases. Therefore, it is not possible to derive the DRELW efficiency in the same way as 333 DRESW efficiency. To estimate the DRELW, we computed dust-free OLR based on ancillary data 334 of surface temperature and atmospheric profiles from the CCCM. Then, the DRELW can be 335 estimated from the difference between CERES observed OLR (i.e., blue solid line in Figure 6 ) and 336 the computed dust-free OLR (i.e., black dashed line in Figure 6 ). To test if our computed dust-free 337 OLR has any potential bias due to, for example, errors in the ancillary data (i.e., atmospheric gas 338 and temperature), we selected 75 cloud free cases in the same region and season with no dust 339 detected by CALIPSO. Note that because of the small dust loading in these cases the computed 340 OLR at TOA mainly depends on the accuracy of ancillary data of surface temperature and 341 atmospheric profiles. Therefore, the comparison between the computed OLR and CERES 342 measurements of those cases can inform us if there is any potential bias in our computation of 343 dust-free OLR. It turns out that the difference between RRTM and CERES OLR has a mean value 344 around 0.7 W/m 2 with standard deviation around 3.8 W/m 2 (not shown). This result does not 345 necessarily mean that our dust-free OLR computation has a positive 0.7 W/m 2 bias, because of the 346 sampling difference between the dust-free and dust-laden cases. Here we consider it as potential 347 uncertainty. In the analysis followed we estimate two sets of semi-observation based DRELW under 348 two assumptions: one is assuming zero bias in our OLR computation, the other one is assuming a 349 positive 0.7 W/m 2 bias. If we neglect the bias, by differentiating the dust-free OLR computed by 350 RRTM and the CERES-measured OLR we are able to derive a mean semi-observation-based 351 The cloud-free and dust-laden cases from the CCCM product facilitate an ideal testbed for 358 investigating the sensitivity of dust DREs to the microphysical (i.e., PSD and shape) and optical 359 (i.e., refractive index) properties of dust. We use the aerosol extinction profiles at the 0.5 µm from 360 the CCCM product (which is based on CALIOP/CALIPSO observations) and different 361 combinations of the dust properties to drive multiple sets of radiative transfer simulations of dust 362
DREs. Through comparisons of the radiative transfer simulations with CERES observation, we 363 study how the physical and optical properties influence both the DRESW and DRELW of dust. It 364 should be mentioned here that the CCCM product also use the same methodology to generate the 365 aforementioned post-processed flux profile. In the analysis, we will also compare our dust DRE 366 simulations with the results provided in the CCCM products. 367
Sensitivity to dust size and refractive index 368
In the first sensitivity study, we study the influences of dust size and refractive index on 369 the dust scattering properties and consequently dust DREs. Based on different combinations of the 370 PSDs (AERONET vs. Fennec-SAL) and SW refractive index (OPAC vs. Colarco-SW), we 371 simulate four sets dust spectral scattering properties (Figure 7) , and correspondingly four sets of 372 dust DRESW efficiency (Figure 8 ). In the simulations, dust particles are assumed to be spheroidal 373 and the aspect ratio distribution from Dubovik et al. [2006] (see Figure 4a ) is used. The OPAC-374 LW refractive index is used. The impacts of dust shape distribution and LW refractive index on 375 dust DRE will be discussed later. 376 Figure 7 shows the scattering properties for the four different combinations of dust PSD 377 and refractive index. The extinction efficiency (Qe) based on the Fennec-SAL PSD is significantly 378 larger than that based on the AERONET PSD (Figure 7a ). The spectral shape is also different. The 379
Qe based on the Fennec-SAL PSD is rather flat in the SW region due to its large size whereas the 380
Qe based on the AERONET PSD decreases with wavelength. The Qe shows no sensitivity to 381 refractive index in Figure 7a . It is because the Colarco-SW and OPAC-SW are different only in 382 the imaginary part (see Figure 3) which has minimal influence on Qe. In contrast, the single 383 scattering albedo (SSA) in Figure 7b shows more sensitivity to refractive index. As expected, the 384 Fennec-SAL PSD and OPAC-SW combination (i.e., larger size and more absorptive refractive 385 index) has the smallest SW SSA while the AERONET PSD and Colarco-SW i.e., smaller size and 386 less absorptive refractive index) has the largest SW SSA. The other two combinations yield similar 387 SW SSA that are in between the abovementioned two extremes. The asymmetry factor (g) in 388 Figure 7c shows a primary sensitivity to size and a secondary sensitivity to refractive index. 389 Figure 7d shows spectral variation of dust AOD normalized with respect to AOD at 0.5m. 390
The peak wavelength of solar radiation (0.5m) and peak wavelength of terrestrial thermal 391 radiation (10m) are highlighted with dashed lines. The 0.5 µm AOD is used as the reference for 392 normalization because as aforementioned, we use the 0.5 µm aerosol extinction profile in the 393 CCCM derived from CALIOP to drive our radiative transfer simulations. After spectral 394 normalization, one can see that given the same 0.5 µm AOD the 10 µm AOD based on the Fennec-395 PSD is much larger than that based on the AERONET PSD by around 80%. This is an important 396 feature that has important implications for the DRELW of dust. The SW reflection of dust depend 397 But are the two combinations also equal in terms of closing the LW radiation? This is an 431 important question, because ideally an appropriate dust model should close both SW and LW 432 radiation. To address this question, we extend our radiative transfer simulations to the LW. It is 433 important to point out that the LW and SW dust radiative properties are not independent but related 434 through the physical properties of dust. For example, the AOD at a given wavelength in LW is 435 related to the visible AOD through 436
where is the extinction efficiency that is determined by dust size, shape and refractive index. 437
The dust size and shape are obviously independent of wavelength and therefore connect the SW 438 is a lack of measurement of dust refractive index measurement from visible all the way to thermal 442 infrared. 443
In our computations, we first use the LW dust refractive index from OPAC to compute the 444 dust LW scattering properties and the corresponding OLR. Based on the same OPAC-LW 445 refractive index, the Fennec-SAL PSD yields an instantaneous DRELW of +3.0 W/m 2 at TOA and 446 +7.7 W/m 2 at surface (see Table 3 ). The results based on the AERONET PSD are significantly 447 smaller, +1.8 W/m 2 at TOA and +4.7 W/m 2 at surface. This difference between the two PSDs can 448 be easily understood with Figure 7b . Given the same visible AOD, the coarser Fennec PSD has a 449 larger infrared AOD than the AERONET PSD, and therefore stronger warming effects in the LW. 450
The more important question is which one, Fennec or AERONET PSD, leads to OLR 451 simulations that agree better with the CERES observation? The differences between the computed 452
OLRs and the CERES measurements of OLR for the selected dust cases are shown in Table 4 , 453 together with the significance test results, i.e., 't-score' and 'p-value' from the Student's t-test. Table 5 are derived based on the assumption of a positive 465 0.7 W/m 2 bias in RRTM dust-free OLR. Evidently, the potential bias does not change our 466 conclusion. Overall, the size difference is the primary reason for the fact that the OLR based on 467
Fennec PSD is systematically colder than that based on the AERONET PSD. As shown in Figure  468 7, due to size difference, the based on the Fennec-SAL PSD (coarser) decreases at a slower rate 469 than that based on the AERONET PSD (finer). As a result, according to Eq. (1) given the same 470 SW AOD, the Fennec-SAL has a larger LW AOD and therefore colder OLR than the AERONET 471 PSD. In comparison with our results, the OLRs reported in the CCCM product (not shown here) 472 are on average 3.1 W/m 2 warmer than CERES measurements. This warm OLR bias of CCCM 473 product in the LW is consistent with its "too reflective" bias in the SW in Figure 8 . 474
The LW result in Table 4 In Figure 9 , we compare the scattering properties of dust based on three different shape 498 models. Overall, the two spheroidal models are very similar and both significantly different from 499 the spherical model. More specifically, in the SW the based on spheroidal models is 500 significantly larger than that based on spherical dust model. In the LW it is the opposite. The 501 in Figure 9b suggest that the spherical dust is more absorptive than spheroidal dust in the SW 502 region, when other things are equal. Figure 9d contrast, the DRESW efficiency based on the spherical dust model is much smaller -39.8 511 W/m 2 /AOD, which can be expected from the results in Figure 9e (i.e., spherical dust is less  512 reflective). Table 6 shows the OLR computations based on different dust shape models. Again, the 513 two spheroidal dust models yield very similar OLR simulations, they are both a little bit warmer 514 than CERES OLR, while the results based on the spherical model is somewhat colder. This can be 515 expected from the normalized plot in Figure 9d (AOD @ 10 µ for spherical dust model is 516
larger than spheroidal dust model in the case of AOD @ 0.5 µ is constrained to be equal for both 517 dust models). But all three sets of OLR simulations have a p-value larger than the 0.05 threshold, 518 making it difficult tell which dust shape model is better in terms of DREs study in this paper. 519
Values in parentheses are also derived based on assumption of a positive 0.7 W/m 2 bias in RRTM 520 computed dust-free OLR. With this assumption, spherical dust model has a large t-score (-2.1) and 521 p-value (0.033) smaller than threshold p-value 0.05. This means that the difference between 522 RRTM and CERES OLR is statistically significant for spherical dust model with this assumption. 523
Overall, spheroidal dust models agree well with CERES OLR no matter with assumption of 0.7 524 W/m 2 bias in RRTM OLR or not. It needs to be pointed out that our computations concern only 525 broadband flux at TOA. The two spheroidal models may have different angular and/or spectral 526 signature in terms of radiance, which is more important for satellite remote sensing. But this is 527 beyond the scope of this study and will be investigated in future work. 528
Diurnally Mean Dust DRE in North Atlantic
529
The DRE computations in the last section (i.e., Table 1~ Table 3) are instantaneous values 530 corresponding to the overpassing time of Aqua around 1:30PM local time. The strong solar 531 insolation makes the instantaneous DRESW much larger than DRELW in terms of magnitude, 532 leading to a strong negative DREnet (cooling) of dust. However, the DRESW operates only during 533 daytime, while the DRELW operates both day and night. In addition, because of the availability of 534 satellite observations only at TOA, we have focused only on the DRE at TOA in the analyses 535 above. To appreciate the relative magnitude of DRELW with respect to DRESW we extend our DRE 536 simulations and analysis from instantaneous to diurnal mean, and also from TOA to surface. Over 537 tropical ocean, the OLR is most sensitive to sea surface temperature (SST). Our sensitivity study 538 based on the 3-hour MERRA (Modern-Era Retrospective analysis for Research and Applications) 539 data suggests that the diurnal SST variation in the tropical North Atlantic region is so small that 540 the diurnal mean OLR is close to the instantaneous value. Similarly, we also found that the diurnal 541 variation of atmospheric profile (e.g., water vapor) has negligible impact on the diurnal DRESW 542 computation. Therefore, we only compute the diurnal variation of DRESW due to the change of 543 solar zenith angle and ignore the small diurnal variation of DRELW as well as the impacts of 544 atmospheric profile change on DRESW. 545 Table 6 By combining the information in Table 3 and Table 6 respectively. Using the combination of CERES-measured OLR (i.e., with dust) and computed 574 dust-free OLR based on ancillary data, we also derive a set of semi-observation-based TOA 575 DRELW between 2.7±0.32 ~ 3.4±0.32 W/m 2 . 576
In the follow-up sensitivity study, we use radiative transfer model to compute the DRE of 577 dust using the observed 0.5µm dust extinction profiles from CALIPSO under various different 578 assumptions of dust PSD, refractive index and shape distributions. We find that two dust models, 579 one based on Fennec-SAL PSD and Colarco-SW refractive index and the other on AERONET 580
PSD and OPAC-SW refractive index, provide the best fit to the observation-based DRESW 581 efficiency and DRESW. However, only the one based on the Fennec-SAL PSD, which is much 582 coarser than the AERONET-PSD, can also provide reasonable fit to the observation-based DRELW. 583
We also find that the DREs based on the two spheroidal dust models are quite similar to each other, 584 but more different from those based on spherical dust, suggesting that the detailed shape 585 distribution is less important in the calculation of dust DRE. Based on the dust model that provides 586 the best fit to the observation-based DRE, we estimate the diurnal mean dust DRESW efficiency in 587 the North Atlantic region during summer months to be around -28 and -82 W/m 2 /AOD at TOA 588 and surface, respectively. The corresponding DRESW is -9.9 W/m 2 and -26 W/m 2 at TOA and 589 surface, respectively. The diurnal mean DRELW is about 3 W/m 2 at TOA and 7.7 W/m 2 at surface. selection of cases and domain. Note that our analysis is limited to cloud-free and dust-dominant 601 cases that are selected based on MODIS and CALIOP observations. 602
Due to the lack of study on dust DRELW in this region, it is difficult to find a comparable 603 result the literature to validate our estimate of DRELW. Nevertheless, our result that the positive 604 DRELW cancels about 30% of the negative DRESW in the computation of the diurnal mean net dust 605 DRE is in agreement with many previous studies attesting the importance of dust DRELW (e.g., 606
Zhang et al. , Haywood et al. 2005 . Note that over land, e.g., the Sahara Desert, the brighter 607 surface reflectance will reduce the cooling effect of DRESW or even leads to warming (positive) 608 DRESW. At the same time, the hot surface temperature during daytime may result in DRELW 609 significantly larger than that over ocean. Therefore, the DRELW is expected to be even more 610 significant in comparison with DRESW, over land than over ocean, which is an interesting topic for 611 future studies. 612
Another interesting result from this study is that given the same visible AOD dust particle 613 size and dust absorption in the SW can compromise each other in determining dust DRESW. As a 614 result, it is difficult to specify both variables using the SW radiation alone. In such case, the LW 615 radiation could provide complementary and important information on dust properties, especially 616 dust particle size. Most of the current aerosol property retrieval algorithms use only SW radiation 617
observations. There are also a few algorithms to retrieve dust properties using only LW radiation 618 observation [e.g., Pierangelo et 
